Principal component analysis (PCA), one of the major methods for deriving dietary patterns, combines correlated variables into weighted summations that ''account for'' much of the information contained in the original variables. PCA is usually based on the correlation matrix of foods included in a food frequency questionnaire, resulting in a set of uncorrelated factors (dietary patterns) characterized by the different foods (1, 2) .
This method has been used in previous studies relating dietary patterns to the risk of cardiovascular disease in a wide variety of populations and cultures (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . One limitation of this approach, when attempting to relate dietary patterns to the occurrence of disease, is that patterns explaining large percentages of variation in food intake do not necessarily explain an equivalent amount of variation in nutrient intake. The effects of diet on the risk of disease are probably mediated through specific macro-and micronutrients, and thus patterns derived using PCA may not be associated with disease risk (18) .
Reduced rank regression (RRR) and partial least-squares regression (PLS) are proposed alternatives to PCA for deriving dietary patterns (19) . RRR is similar to PCA in that it is also a dimension reduction technique resulting in uncorrelated summary variables representing a larger set of initial factors. However, the goal of RRR is different from that of PCA, as combinations of predictor variables are derived that account for much of the information contained in a set of response variables. Key nutrients or biomarkers function as the response variables, and linear combinations of foods are derived which maximize the explained variance in these responses. The PLS method is a compromise between PCA and RRR; the goal of this approach is to explain variability in select nutrients or biomarkers, as well as foods (18) .
The results from a limited number of investigations using RRR have shown stronger relations between derived dietary patterns and cardiovascular disease than results from studies using PCA (6, 18) . However, RRR has not been used across diverse study populations with varying dietary exposures, and this method needs to be tested further to establish its effectiveness in deriving dietary patterns related to cardiovascular disease. Costa Ricans represent a novel population in which to apply RRR. This population is of particular interest because intake of the predominant dietary items established as risk factors for myocardial infarction in Costa Ricans are changing and the relations between these exposures have not been explored (20, 21) .
Our purpose in the present study was to examine the relations among dietary exposures related to myocardial infarction risk in Costa Rica by deriving dietary patterns using all 3 methods: PCA, PLS, and RRR. Additionally, we tested the ability of these methods to derive patterns related to myocardial infarction and attempted to characterize the most appropriate context in which to apply each method.
MATERIALS AND METHODS

Study population
Details on the study population have been published elsewhere (22, 23) . In brief, data were collected in Costa Rica (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) ) for a population-based case-control study of first, incident nonfatal myocardial infarction (n ¼ 3,939). Participation was 98% in cases and 88% among controls. Controls were selected randomly and were matched with cases by age (65 years), sex, and current area of residence (county) using information from the Costa Rican Census. All participants gave written informed consent. This study was approved by the Human Subjects Committee of the Harvard School of Public Health and the Ethics Committee of the University of Costa Rica.
Data collection
The data collection procedures have been described elsewhere in detail (23) (24) (25) . In brief, trained field-workers visited study participants at their homes in the morning and collected information about sociodemographic characteristics, medical history, lifestyle habits, and dietary intake. They also made anthropometric measurements and took subcutaneous adipose tissue samples. Self-reported history of diabetes and hypertension were validated as previously described (23) .
Dietary information was obtained using a 135-item food frequency questionnaire that was a modified version of the Willett questionnaire (26) and was developed and validated specifically for use in Costa Rica (27) . Subcutaneous adipose tissue biopsies were collected from the upper buttock using a modification of a method described previously (28) . Levels of a-linolenic acid and trans-fatty acids in adipose tissue were quantified by gas-liquid chromatography as previously described (25) .
Response variables
We chose response variables for RRR and PLS that are known to be related to atherosclerosis and myocardial infarction and are of particular interest in this population. These variables included adipose tissue levels of a-linolenic and trans-fatty acids and dietary intakes of saturated fat, fiber, and folate.
Adipose tissue levels of a-linolenic and trans-fatty acids are likely to more accurately reflect long-term dietary intake than dietary information obtained from a food frequency questionnaire in case-control studies of chronic disease, since adipose tissue has a turnover rate of 1-2 years and is not subject to recall bias (25) . Currently there are no accurate biomarkers for long-term intakes of saturated fat, fiber, and folate.
Adipose tissue a-linolenic and trans-fatty acids and dietary saturated fat were associated with risk of myocardial infarction in previous investigations in this population (29) (30) (31) (32) . However, exposure to these fats has changed over time in Costa Rica as intake of palm oil has decreased and has been replaced predominately by partially hydrogenated soybean oil. It is unclear whether the replacement of palm oil with soybean oil results in improved cardiac health due to the combination of variable amounts of atherogenic transfatty acid and heart-beneficial a-linolenic acid found in partially hydrogenated soybean oil (20, 21) . The inclusion of saturated fat, a-linolenic acid, and trans-fatty acids as response variables allowed for evaluation of the relations among these variables and the current risk of myocardial infarction associated with their intake.
The mechanisms by which folate and fiber decrease the risk of atherosclerosis have not been fully elucidated, but they have been associated with decreased levels of markers of inflammation and decreased risk of cardiovascular disease in numerous cohort studies (33, 34) . Folate and fiber represent important plant-based dietary exposures in this population, and to our knowledge their association with myocardial infarction has not been previously explored.
Statistical methods
To test for differences in mean values or distributions of demographic and lifestyle variables between cases and controls, we used McNemar's test for categorical variables and paired t tests for continuous variables. Mean values for the response variables were calculated using regression analysis to adjust for confounding. Dietary responses (folate, fiber, saturated fat) were adjusted for energy intake using the residual method (35) . The mean values for all response variables were adjusted for age, sex, and area (matching factors), smoking status, waist:hip ratio, physical activity, and other response variables. Pearson correlation coefficients among response variables for cases and controls were calculated. Data on adipose tissue trans-fatty acid were logtransformed to improve normality.
Foods from the food frequency questionnaire were classified into 43 groups based upon nutrient profile or culinary use or were left alone to minimize within-person variation in intakes of individual foods (3) . The food groups used in this study are shown in Table 1 . Daily consumption frequencies of food items on the food frequency questionnaire were aggregated into food groups, transformed where appropriate to improve normality, and adjusted for total energy intake by the residual method (35) . The PROC PLS statement in SAS (SAS Institute Inc., Cary, North Carolina) was used to conduct PCA, PLS, and RRR analyses in the combined sample of cases and controls, changing the ''method ¼'' option to reflect each desired method. A more detailed description of these methods is given by Hoffman et al. (19) . Additionally, we used random-sample cross-validation and van der Voet's test (36) as a guide in selecting the number of factors to retain. The final number of factors selected represents the model with residuals that were insignificantly larger than the model with the minimum predicted residual sum of squares (PRESS) (37) . PRESS is equivalent to the residual sum of squares from ordinary regression analyses, except that PRESS is calculated as the difference between predicted values in the training set used to fit the model and the actual values in the portion of the data excluded from model fitting using crossvalidation. Using van der Voet's criteria (36) , a large number of factors were retained for PCA (n ¼ 42) and PLS (n ¼ 14), with many of the factors explaining a small percentage of predictor (PCA, PLS) and response (PLS) variation. Thus, we also considered interpretability of the factors, as those explaining little predictor variation were unlikely to represent major dietary patterns in our population. We chose to retain 5 factors for all 3 methods based on interpretability and to increase comparability across methods, since there were 5 response variables used in analyses and the number of factors retained in RRR is constrained by the rank of the covariance matrix of responses (19) .
The continuous factor scores produced by PCA, PLS, and RRR analyses for all retained factors were entered into conditional logistic regression models (1 model per method) with myocardial infarction status as the outcome. Factors that were significant in these models were then divided into quintiles and regressed on myocardial infarction status to produce adjusted estimates of odds ratios and 95% confidence intervals. To test for trends across quintiles of dietary patterns, we set the median intake of each quintile to each subject in the same quintile and treated the resulting variable as a continuous variable in regression analyses (8) .
In secondary analyses carried out to confirm the derived patterns, the sample was randomly split in 2 and patterns were derived in 1 subsample. Foods were also ungrouped and entered into the analyses to evaluate the effects of food grouping decisions on the resulting dietary patterns. Additionally, foods were entered into analyses unadjusted for energy intake. To examine potential variation in dietary patterns and in the relations of these patterns with risk of myocardial infarction, we stratified our sample by age and sex, excluded participants with previously diagnosed comorbidity (hypertension, hypercholesteremia, and diabetes), and derived dietary patterns in these subgroups again. There were no major differences in the derived patterns in any of the secondary analyses. Data were analyzed using SAS software, version 9.1 (SAS Institute Inc.).
RESULTS
Study sample characteristics
We excluded participants who were missing the majority of the items on the food frequency questionnaire or had missing data for confounding factors, leaving a total of 3,574 participants. On average, cases had significantly higher waist:hip ratios and lower physical activity levels than controls. Cases also had significantly lower incomes, had a greater frequency of comorbidity, consumed more calories, had a larger percentage of calories from fat and protein, and were more likely to be smokers than controls (Table 2) .
Response variables
Mean values for the response variables for cases and controls are presented in Table 3 . Adjusted mean levels of folate, fiber, and adipose tissue a-linolenic acid were higher among controls, whereas mean levels of saturated fat and adipose tissue trans-fatty acids were higher among cases. Only levels of saturated fat were significantly different across cases and controls, with a-linolenic acid having borderline significance.
In examining the correlations among the response variables, the overall correlation structure was similar for cases and controls (Table 4 ). Fiber and folate had the highest correlation. Fiber was negatively correlated with saturated fat and positively correlated with a-linolenic acid, with these associations being slightly stronger in controls. Levels of trans-fatty acids were negatively correlated with saturated fat and positively associated with a-linolenic acid among both cases and controls.
Comparison of dietary pattern methods
The percentage of variation in response variables explained for each method is displayed in Table 5 . As expected, PCA explained the least amount of variation in response variables, followed by PLS and RRR. However, the difference in explained response variability for PLS and RRR was relatively small. Table 6 shows the model fit statistics for regression of myocardial infarction status on the five retained factors as continuous variables for each method. Interestingly, all 3 methods explained a similar amount of variation in myocardial infarction status in this population in comparison with the null model, having only marginally different À2 log likelihood and Akaike's Information Criterion values.
Dietary patterns
The main factor loadings (correlations of the food groups with the dietary patterns) for patterns significantly associated with the occurrence of myocardial infarction are shown in Figure 1 . The first factor derived (vegetable pattern) was similar across all 3 methods and was primarily characterized by high intakes of fruit, dark yellow vegetables, green leafy vegetables, other vegetables, and polyunsaturated oil and a low intake of palm oil. Factors 2 and 3 were not significantly associated with risk of myocardial infarction for any of the methods examined; they consisted of a mix of ''healthy'' and ''unhealthy'' foods such as vegetables and high-fat dairy products (including whole milk, ice cream, and cheese). Factor 4 was significantly associated with myocardial infarction using PCA and PLS but was not associated with the occurrence of this endpoint using RRR. Factor 4, based on PCA analyses (palm oil and coffee pattern), was characterized by high intakes of coffee, sugar, and palm oil and, based on PLS (alcohol and polyunsaturated oil pattern), by high intakes of high-energy drinks (including soda and fruit drinks), liquor, wine, beer, and other unsaturated oil and a low intake of high-fat dairy products. Finally, factor 5 (alcohol, legumes, and polyunsaturated oil pattern) was associated with myocardial infarction using patterns derived from PCA only and was characterized by high intakes of liquor, wine, beer, legumes, and other unsaturated oil.
Associations between dietary patterns and myocardial infarction
In examining the adjusted odds ratios across quintiles of the significant dietary patterns resulting from each method, factor 1 (vegetable pattern) was associated with decreased risk of myocardial infarction across increasing quintiles of the dietary pattern regardless of the method used. Additionally, when factor 1 was derived in the subsample of participants without various comorbid conditions (hypertension, high cholesterol, and diabetes), a slightly stronger inverse association was seen between this pattern and risk of myocardial infarction using PCA-and RRR-derived patterns (fifth quintile of dietary pattern vs. the first: PCA-odds ratio ¼ 0.60, 95% confidence interval: 0.40, 0.88; PLS-odds ratio ¼ 0.57, 95% confidence interval: 0.40, 0.82; RRR-odds ratio ¼ 0.51, 95% confidence interval: 0.36, 0.73). There was an increased risk of myocardial infarction across increasing quintiles of factor 4 derived using PCA (palm oil and coffee pattern) and a decreased risk across increasing quintiles of factor 4 derived using PLS (alcohol and polyunsaturated oil pattern). Finally, there was a decreased risk of myocardial infarction across increasing quintiles of factor 5 derived using PCA (alcohol, legumes, and polyunsaturated oil pattern) ( Table 7) .
DISCUSSION
Costa Ricans served as a novel population in which to test the relative ability of 3 different methods to derive dietary patterns related to the risk of myocardial infarction.
We identified 4 dietary patterns associated with varying risks of myocardial infarction in Costa Rica. Factor 1 (vegetable pattern), characterized by high intake of lean chicken, vegetables, fruit, and polyunsaturated oil, was generated by all 3 dietary pattern methods and was robust across the many sensitivity analyses performed. This dietary pattern was associated with a markedly decreased risk of myocardial infarction and was inversely associated with saturated fat intake across all 3 dietary pattern methods. Interestingly, partially hydrogenated soybean oil was positively correlated with the vegetable pattern derived using PLS and RRR, suggesting that the potentially atherogenic effects of trans-fatty acids present in soybean oil in Costa Rica may be offset by the protective effects of a-linolenic acid.
PCA and PLS produced additional factors with strong negative correlations with saturated fat. Factor 4 from PLS analyses (alcohol and polyunsaturated oil pattern) and factor 5 from PCA (alcohol, legumes, and polyunsaturated oil pattern) were uniquely characterized across their quintiles by a decreasing intake of saturated fat and increasing intakes of wine, beer, and liquor. Intake of moderate amounts of alcohol has been linked to decreased risk of coronary heart disease in numerous studies (38) and may account for some of the cardioprotective effect associated with these patterns. The RRR method focuses solely on explaining variation in response variables, which may explain why this method did not produce a pattern characterized by alcohol intake and related to decreased risk of myocardial infarction, since alcohol intake was not included as a response variable in the analyses. Factor 4 from PCA analyses (palm oil and coffee pattern) was the only factor associated with increased risk of myocardial infarction, suggesting that palm oil still plays a role in the pathogenesis of myocardial infarction in this population despite its declining use (20) . This factor was characterized by a high intake of saturated fat and a low adipose tissue level of a-linolenic acid. While PLS and RRR also produced patterns with this profile of increased saturated fat and low a-linolenic acid, these patterns were not positively associated with intake of coffee as was factor 4 from PCA analyses. While the literature on coffee and risk of myocardial infarction is mixed, there are compounds in coffee, namely diterpenes (present in unfiltered coffee) and caffeine, that have been linked to an increased risk of coronary heart disease (39). PCA may have produced a pattern with the unique combination of high palm oil and coffee intake, as this method is based on explaining variability in food intake without respect to response variability. Coffee intake is unlikely to account for much variability in the chosen response variables, potentially explaining the weak association of this beverage with PLS-and RRRderived patterns.
The RRR-derived dietary pattern that was associated with decreased risk of myocardial infarction in this study is comparable to patterns seen in previous investigations. An RRRderived pattern associated with decreased risk of coronary heart disease among Germans was characterized by high intake of whole grains, fruits and vegetables, olive oil, wine, and nuts (6), much like the vegetable pattern derived in this study. Previous studies among US and European populations derived patterns positively associated with coronary heart disease or subclinical markers of coronary heart disease that were characterized mainly by high intake of meat, fats, and oils high in saturated fat and low intake of vegetables (14, 18) . The palm-oil-and-coffee pattern derived in this study using PCA, associated with increased risk of myocardial infarction, was similarly characterized by high intake of saturated fat but was only weakly associated with intake of meats and vegetables.
Contrary to previous studies, we found PCA and PLS to derive more patterns associated with disease risk than RRR. Sample size may be an important factor explaining these divergent results, since the previous study comparing these 3 methods included 193 cases and 385 controls (19) , whereas our sample included 1,787 case-control pairs. However, our results may also help to clarify the context in which each of these methods is most appropriate. In this study, RRR was the most limiting of the 3 methods, because it reduced the range of possible myocardial infarction-related exposures to the subset of nutrients included as responses. When the goal of an investigation is to test hypotheses limited to Figure 1 . Main factor loadings for patterns derived using principal component analysis (PCA), partial least-squares regression (PLS), and reduced rank regression (RRR) that were significantly associated with myocardial infarction in a case-control study of first incident myocardial infarction (n ¼ 3,574), Costa Rica, 1994-2004. Abbreviations for food groups used in dietary pattern analyses: SG, sugar; RM, red meat; PM, processed meat; CH, chicken with skin and fat; L CH, lean chicken; FR, fruit; FJ, fruit juice; HD, high-fat dairy foods; HE, high-energy drinks; LQ, liquor; WB, wine and beer; CO, coffee; YV, yellow vegetables; CV, cruciferous vegetables; GV, green leafy vegetables; OV, other vegetables; TM, tomatoes; RG, refined grains;
LG, legumes; CF, condiments, fresh; C, condiments; DE, desserts; SNX, snacks; PO, palm oil; SO, soybean oil; OO, other oil. a preset group of response variables, RRR may be the most appropriate method. However, our goal in this study was to explore the relations between relevant dietary exposures in Costa Rica and myocardial infarction risk, and by applying all 3 methods we gained information about important myocardial infarction-related dietary exposures that were not explicitly included as response variables. PLS includes knowledge about intermediary variables on the pathway to disease in the derivation of dietary patterns and offers more flexibility than RRR, which may allow for the discovery of important disease-related dietary exposures in a population. PCA was the most flexible of the 3 methods evaluated in this investigation, allowing for the derivation of the largest number of patterns related to myocardial infarction, including the only pattern associated with increased risk of myocardial infarction. PCA has been criticized for being a purely data-driven method, but it may have advantages over PLS and RRR when a more exploratory analysis is warranted.
Strengths of this study include a large sample size (n ¼ 3,574), the use of population-based controls, and the availability of biomarkers of dietary intake for a-linolenic and trans-fatty acids. This study also had potential limitations. First, dietary information was collected after cases had experienced a myocardial infarction. However, because associations between specific foods and health are not part of the general knowledge of the study population, systematic recall bias in reporting of foods is unlikely. Second, there is the possibility of residual confounding. Third, some of the effects of the dietary patterns in this study may be due to nutrients correlated with the chosen response variables, not to the responses themselves. Clinical trials are needed to separate the effects of particular nutrients from the overall dietary patterns derived in this study. Finally, PLS and RRR can produce chance associations with response variables that do not generalize beyond the data set used to derive dietary patterns. We minimized this risk by using crossvalidation to choose the patterns to investigate.
In conclusion, dietary pattern analysis allows for examination of the combined and potentially synergistic effects of many correlated dietary exposures. In this study, the PCA, PLS, and RRR methods identified similar dietary patterns associated with significantly decreased risk of myocardial infarction. However, PLS and PCA identified additional patterns that were significantly associated with myocardial infarction and were characterized by nutrients not previously considered to play a major role in the pathogenesis of myocardial infarction in this population. The flexibility allowed by PLS and PCA to derive patterns partially (PLS) or completely (PCA) unconstrained by the choice of response variables is important to consider when deciding which method to use in a particular population. 
